Cell mediated immune (CMI) responses are crucial for the clearance of human papillomavirus (HPV) infection and HPV-associated lesions. Activated CD8 T cells are critical effector cells in recognizing and killing HPVinfected or HPV-transformed cells. CD4 T cells provide help for priming the generation and maintenance of CD8 T cells as well as for tumors immunity. An ideal therapeutic HPV peptide-based vaccine should induce both a robust CD8 T-cell response as well as a CD4 T-cell response for ensuring their efficiency. Candida skin test reagent was demonstrated to be able to induce the secretion of IL-12 by Langerhans cells and T-cell proliferation in vitro by our group, which indicated the potential of Candida to enhance CMI response. In this current study, we designed a novel HPV peptide-based vaccine which includes HPV16 E7 peptides and Candida as an adjuvant. The immune responses induced by the vaccine were comprehensively evaluated. The results showed that the vaccine induced significant HPV-specific CD8 T-cell and Th1 CD4 T-cell responses as well as humoral immune response. It is interesting that Candida alone induced a significant polarization of Th1 response an production of IFN-γ, which indicated Candida alone may be used as a potential immunotherapeutic reagent not only for HPVassociated lesions but also for other viral infection or even cancers.
Introduction
Persistent infection of high-risk human papillomavirus (HPV) is a necessary cause for the occurrence of high-grade cervical intraepithelial neoplasia (CIN), vulvar intraepithelial neoplasia (VIN) and vaginal intraepithelial neoplasia (VaIN), which may develop to cervical cancer, vulvar cancer and vaginal cancer respectively [1] [2] [3] . Among high risk HPVs causing cancers and their precursors, HPV type 16 (HPV16) is the commonest type [4] . Three licensed prophylactic vaccines (Cervarix, Gardasil 4 and Gardasil 9) have been demonstrated to be able to provide efficient protection against HPV infection [5] . However, they have little therapeutic activity for patients with pre-established HPV infections or HPV-associated lesions. Therefore, it is urgent to develop therapeutic HPV vaccines designed for controlling HPV persistent infection or HPV-associated lesions.
Cell mediated immune (CMI) responses are crucial to kill HPVinfected or HPV-transformed cells. In general, most (90%) of HPV infections may be cleared by the hosts' immune system within 3 years after the initial infection [6] , whereas the remaining 10% may become persistent and further develop to lesion with varying severity, even cancer [6, 7] . This may be due to the failure of inducing CMI responses [8, 9] . In HPV-specific CMI mediated clearance of HPV infection and HPV-associated lesions, activated CD8 T cells are crucial effector cells due to their ability of recognizing and killing viral infected cells. CD4 Tcells play important roles by priming the generation of CD8 T cells as well as maintaining CD8 T cells [10] . Moreover, CD4 T cells induced by vaccines clearly have an important role in successfully inducing tumor immunity and maintenance of long-term tumor antigen-specific memory responses in vaccinated mice with established tumors [10, 11] . Therefore, an ideal therapeutic HPV vaccine should induce both a robust CD8 T-cell response as well as a CD4 T-cell response for ensuring their efficiency.
The expression of oncoproteins E6 and E7 of high risk HPV types is essential for malignant progression of HPV-associated cancers and maintenance of malignant phenotype of HPV-transformed cells [12] . Oncoprotein E7 is highly conserved and only constitutively expressed in HPV-infected cells or HPV-transformed cells, but not in normal cells. It would be less expensive to produce E7 peptides compared to E6 peptides as E7 is much shorter. Moreover, the correlation between CMI response to HPV16 E7 peptides and regression of HPV-associated lesions has been demonstrated [13, 14] . Therefore, oncoprotein E7 represents an ideal target of HPV therapeutic vaccines. HPV16 E7 peptides covering E7 protein were incorporated in this current novel vaccine.
Candida skin test reagent (Nielsen BioSciences, San Diego, CA) is a colorless extract of Candida albicans. It has been approved by Food and Drug Administration for human use. Application of Candida to treat HPV-induced common warts resulted in resolution of treated warts and distant untreated warts [15, 16] . Specific anti-HPV T-cell responses were demonstrated in the complete responders [16] . In our previous study, Candida was demonstrated to be able to induce the secretion of IL-12 by Langerhans cells (LCs) and T-cell proliferation in vitro, which indicated the potential of Candida to enhance cellular immune response [17] . In this current study, we designed a novel HPV therapeutic vaccine which contains HPV16 E7 peptides and Candida as an adjuvant. While the peptides were designed to mount virus-specific T-cell responses, Candida was expected to further enhance the response by general promotion of Th1 response. The immune response was comprehensively evaluated by examining splenocyte proliferation, intracellular cytokine staining (ICS) of splenocytes, cytometric bead array for Th1 and Th2 cytokines in serum, transcription factors of splenocytes, and specific antibodies. It was demonstrated that the vaccine induced significant HPV-specific CD8 T-cell and Th1 CD4 T-cell responses as well as humoral-mediated immune response. It is interesting that Candida alone induced significant the polarization of Th1 T-cell response and the production of IFN-γ, which indicated Candida alone may be used as a potential immunotherapeutic reagent for HPV-associated lesions, such as CIN, VIN and VaIN, or even cancers.
Methods

Adjuvant and peptides
Candida skin test reagent was purchased from Nielsen BioSciences, Inc.(San Diego, CA). Three peptides (HPV16 E7 1-35, HPV16 E7 36-70, HPV16 E7 71-98) covering the HPV16 E7 protein were produced at the GL Biochem (Shanghai) Ltd. (Shanghai, China). Two of them were 35aa (HPV16 E7 1-35, HPV16 E7 36-70) in length and the third one was 28aa (HPV16 E7 71-98) in length. The purity (95%) of the synthesized peptides was determined by HPLC and the molecular weight was determined by mass spectrometry. The sequences of the peptides used in this study were described as follows: E7 1-35: MHGDTPTLHE YMLDLQPETT DLYCYEQLND SSEEE E7 36-70: DEIDGPAGQA EPDRAHYNIV TFCCKCDSTL RLCVQ E7 71-98: STHVDIRTLE DLLMGTLGIV CPICSQKP
Mice and immunization
Six to 8-week-old female C57BL/6 mice were purchased from Beijing Huafukang Bioscience Co. Ltd. (Beijing, China). All the mice were housed in specific pathogen-free condition. Mice were randomly divided into four groups. Three experimental groups were immunized intradermally with (1) 150 μl of Candida, (2) 50 μg each of 3 E7 peptides, and (3) the vaccine containing 150 μl of Candida and 50 μg each of three E7 peptides in a total volume of 200 μl, respectively. These reagents were mixed well before injection and were administered to mice at two sites (100 μl at each site). Mice immunized with PBS were used as a control group. All groups were boosted with the same amount twice more with a 3-week interval. After 2 weeks post the 3rd immunization, mice were sacrificed by cervical dislocation. All animal experiments were carried out in accordance with the standard guidelines for the proper use and care of animals, which were approved by the laboratory animal care and use committee of the China Medical University.
Analysis of splenocyte proliferation
Spleens were harvested and single-cell suspensions of splenocytes were prepared as follows. Spleens from individual mice in all groups were harvested and mechanically homogenized in 10 ml of RPMI 1640 supplemented with 10% heat-inactivated FCS, 100 units/ml penicillin, 100 μg/ml streptomycin. Processed cells were filtered using 106 μm filters and red blood cells were depleted using Red Blood Cell Lysis buffer. After washing with PBS, splenocytes were re-suspended in complete culture medium at a concentration of 1 × 10 7 cells/ml.
Splenocyte proliferation was determined using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA). The assay was performed in triplicate wells by culturing splenocytes (2. (Beijing, China) were set up. After 6 days of incubation, 40 μl of CellTiter 96® AQueous One Solution Reagent (Promega) were added to each well and the plate was incubated at 37°C for 3.5 h. The absorbance was measured at 490 nm using BioTek Synergy-2 Multi Plate Reader (Bio-Rad 680, USA). The results were shown as the stimulation index (SI), which was the ratio of the average optical density (OD) value at 490 nm of individual wells containing both cells and HPV16 E7 peptides to that of corresponding control wells containing cells alone.
Analysis of HPV16 E7
-specific CD8 and CD4 T-cell responses using intracellular cytokine staining (ICS) followed by flow cytometry analysis HPV16 E7-specific CD8 and CD4 T-cell responses induced by the vaccine were evaluated using an ICS method. Single-cell suspension of splenocytes was prepared as described above. For intracellular IFN-γ staining, splenocytes were plated at 1 × 10 6 per well in 96-well plates and re-stimulated with peptides (10 μM) for 4 h at 37°C. Phorbol 12-myristate 13-acetate (PMA, 1 μg/ml) (Sigma-Aldrich, St. Louis, MO, USA) and ionomycin (50 μg/ml, Sigma-Aldrich) were added and the cells were incubated for 5 h in the presence of Protein Transport Inhibitor Cocktail (500 μg/ml, Sigma-Aldrich) for the final 4 h at 37°C. After stimulation, the cells were first surface stained with FITC-labeled anti-mouse CD4 and PerCP-labeled anti-mouse CD8 for 30 min at 4°C. Subsequently, the cells were washed with buffer, fixed and permeabilized with Cytofix/Cytoperm Solution (Biolegend, San Diego, CA, USA) according to the manufacturer's instructions. Then, the cells were stained intracellularly with PE-labeled anti-mouse IFN-γ (clone XMG1.2) for 30 min at 4°C, washed and fixed with 4% paraformaldehyde (Biolegend). The corresponding isotype control (RTK2071) was used for the staining to minimize the influence of nonspecific binding. All staining procedures were protected from light and performed on ice. All the antibodies were purchased from Biolegend (San Diego, CA, USA). The data were acquired using a FACS Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using a Flowjo 7.6.1 software (Tree Star, Inc., Ashland, OR, USA).
Analysis of Th1 and Th2 cytokine in serum using Cytometric Bead Array
To evaluate induced Th1 and Th2 cell responses, cytokines in serum were determined using BD™ Cytometric Bead Array. Blood was harvested from mice in each group at 2 weeks after the 3rd immunization.
The serum was collected after centrifugation of blood samples and stored at −80°C immediately. The concentration of Th1-related cytokines (IFN-γ, TNF-α and IL-2) and Th2-related cytokines (IL-4 and IL-5) in the serum were measured using mouse Th1/Th2 cytokine kit (BD Biosciences) according to the manufacturer's protocol. The data was acquired using a FACS Fortessa flow cytometer and analyzed using a Flowjo 7.6.1 software.
2.6. Analysis of Th1, Th2, Treg cells using intranuclear transcription factors staining followed by flow cytometry analysis For transcription factors staining, the assay was performed using the Foxp3 staining buffer kit, according to the manufacturer's protocol for True-Nuclear™ Transcription Factor Buffer Set (Biolegend). The PE-labeled anti-mouse FoxP3, APC-labeled anti-mouse GATA3, PE-labeled anti-mouse T-bet antibodies were used in combination with a PerCPlabeled anti-mouse CD25 antibody and the above mentioned FITC-labeled anti-mouse CD4 antibodies. All the antibodies were purchased from Biolegend. The data were acquired using a FACS Fortessa flow cytometer and analyzed using a Flowjo 7.6.1 software.
Evaluation of humoral-mediated immune responses
Anti-HPV antibody levels were determined using an indirect ELISA. Ninety-six well plates were coated with HPV16 E7 peptides (2 μg/ml) overnight at 4°C. The plates were washed three times with PBS containing 0.05% (v/v) Tween 20 (PBST) and then incubated with blocking dilute (Dakewe Biotech Co., Ltd., Shenzhen, China) to prevent nonspecific binding for 60 min at 37°C. After washing the plates with PBST three times, the plates were incubated with serially diluted serum from individual mice in triplicate for 90 min at 37°C. After washing the plates with PBST, the horseradish peroxidase-conjugated goat antimouse IgG (1:5000) (Jackson ImmunoResearch Laboratories Inc., PA, USA) was added to each well for 2 h. Then the plates were developed using the peroxidase substrate solution as per manufacturer instructions, and the sample OD value was read at 450 nm using a microplate reader (Bio-Rad 680, USA). HPV-specific antibody titers were determined as the reciprocal of the highest dilution that provided a reading equal or two-fold greater than the average OD generated in the PBS group.
Statistical analysis
SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. The GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA) was used to perform figures. Data were described as means ± standard deviation (s.d.). Statistical significance was determined with one-way analysis of variance (ANOVA) followed by the Dunnett's test for group comparisons. Differences were considered to be statistically significant when the p values were < 0.05, and statistically significant comparisons were indicated in the figures.
Results
Splenocyte proliferation in vitro
The spleens were obtained from immunized mice at 2 weeks after 3rd immunization. Significantly increased proliferation was shown in groups immunized with the vaccine (p = 0.000) and peptides (p = 0.001) when compared with the control group immunized with PBS ( Fig. 1) . No increase was seen with the Candida alone group.
Induction of cellular immune response
To evaluate the CMI response induced by the vaccine, we determined the percentages of CD8 (Fig. 2A), IFN-γ producing (Fig. 2B) , CD4 (Fig. 2C) , IFN-γ producing CD8 (Fig. 2D) , IFN-γ producing CD4 (Fig. 2E ) cells in the splenocytes stimulated with HPV16 E7 peptides and PMA/ionomycin by flow cytometry. The percentage of the cell population expressing CD8 (p = 0.040, Fig. 2A ) and IFN-γ molecule (p = 0.026, Fig. 2B ) significantly increased only in the vaccine group compared to the PBS control group. Some increases were observed for Candida alone in the percentages of CD8 and CD4 cells, and for E7 peptides for CD4 cells ( Fig. 2A and C) , but they were not statistically significant. The percentage of IFN-γ producing CD8 T cells increased significantly in the vaccine group (p = 0.035) compared to PBS group (Fig. 2D) . The percentage also increased in Candida-treated group but not significantly, and peptides did not have any effect (Fig. 2D) . The results showed the percentage of IFN-γ producing CD4 T cells in the splenocytes increased significantly in vaccine group (p = 0.025) and Candida alone group (p = 0.042) compared to the PBS control group (Fig. 2E) . The peptide alone group showed an increase over the PBS control group, but the difference was not statistically significant. Representative dot plots from one mouse (out of four mice) for IFN-γ producing CD8 cells (Fig. 2F) , and IFN-γ producing CD4 cells (Fig. 2G) were shown respectively.
Induction of Th1 and Th2 cytokines in serum
The priming of CD4 T cell response is an essential step in vaccination due to the key role of Th cells in developing both effector and memory immune responses. In order to evaluate the induction of Th differentiation by the vaccine, Th1-associated cytokines (IFN-γ, IL-2 and TNF-α) and Th2-associated cytokines (IL-4 and IL-5) in serum were determined using a Cytometric Bead Array. Remarkably, mice immunized with Candida alone generated statistically significant increased IFN-γ compared to control group but not with peptide alone. Unexpectedly, the vaccine didn't induce significant increase in IFN-γ production compared to the control group (Fig. 3A) . While the increases in IL-2 ( Fig. 3B ) and TNF-α (Fig. 3C ) in the vaccine group were more noticeably, they were not statistically significant. As for Th2 cytokines, immunization of mice with the vaccine elicited a statistically significant increase in IL-5 but the increases were not significant for Candida alone or peptide alone (Fig. 3D) . While increased IL-4 levels 
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were observed with the peptide and vaccine groups, the increases were not statistically significant (Fig.3E) .
Induction of Th differentiation
Having observed the Th1-skewed response in Candida group based on the result of significant secretion of IFN-γ, we re-examined the Th1 response by determining the incidences of Th1, Th2 and T regulatory cells in the splenocytes. Splenocytes of immunized mice with the vaccine (p = 0.007) and Candida alone (p = 0.000) showed statistically significant increases in the percentages of CD4+T-bet+ cells compared with the control (Fig. 4A) . No significant difference in the levels of CD4+GATA-3+ and CD4+CD25+FoxP3+ was shown in the immunized groups compared to the PBS control group (Fig. 4B and C) . Representative dot plots from one mouse (out of four mice) for CD4+T-bet+ cell (Fig. 4D) , CD4+GATA-3+ cells (Fig. 4E) , and CD4+CD25+FoxP3+ cells (Fig. 4F) were shown respectively.
Induction of HPV-specific humoral immune response
In order to assess the humoral immune response induced by the vaccine, we determined the titer of anti-HPV E7 IgG antibody in serum collected from mice at weeks 3, 6, and 8 by ELISA. The HPV-specific antibodies were first detectable at week 6 in the group immunized with the E7 peptides (p = 0.007) and the vaccine (p = 0.002, Fig. 5A ). Successive immunization induced intensely increased antibody as the endpoint titer was 1:400 at week 6 ( Fig.5A ) and was over 1:12,800 at week 8 (Fig.5B ) in group immunized with the vaccine. While the vaccine induced significantly increased HPV-specific antibody at week 8, Candida alone and peptides alone did not (Fib. 5B).
Discussion
CMI response was demonstrated to be correlated with a favorable clinical trend [18] [19] [20] [21] . In a clinical trial involving patients with HPVassociated vulvar intraepithelial neoplasia, the correlation between the clinical efficacy and T-cell responses induced by the HPV peptidesbased vaccine with an incomplete Freund's adjuvant was assessed. Patients with a complete response had a significantly stronger IFN-γ-associated proliferative CD4 T-cell response and a broader response of IFN-γ producing CD8 T cells than did patients without a complete response [20] . In this current study, we comprehensively evaluated CD8 T-cell and CD4 T-cell responses induced by a novel HPV therapeutic vaccine in mice. When splenocyte proliferation was examined, statistically significant increases were seen in HPV 16 E7 peptide and the vaccine groups compared to the PBS negative control (Fig. 1) . These results corroborated our earlier work using human cells that HPV 16 E6 peptides plus Candida induced T-cell proliferation in vitro [17] . However, in the human system, Candida alone was also demonstrated to significantly increase T-cell proliferation while the HPV 16 E6 peptides did not [17] . While the different results with the peptides may be due to the differences in their inherent properties, it is not clear why Candida could induce proliferation in human system but not in mice system with respect to proliferation. In the current work, the percentages of IFN-γ producing CD8 T cells and CD4 T cells in splenocytes were increased in the vaccine group, which indicated that the vaccine induced the generation and activation of HPV-specific CD8 T cells and CD4 T cells. Significant increased CD8 T-cell response as well as CD4 T-cell response induced by vaccine may promise a favorable clinical outcome [20] , which would need to be investigated in the future clinical trials. It was interesting that Candida alone induced a significant increase in IFN-γ producing CD4 cells (Fig. 2E ), in IFN-γ level in serum (Fig. 3A) , and in induction of Th1 cells (Fig. 4A) . Candida alone also induced an increased CD8 T-cell response although this increase did not reach a statistical significance. It is conceivable that Candida may be useful as potential inclusion in designing immunotherapeutic and immunoprophylactic reagents not only for HPV-associated lesions but also for other viral infections or even cancers.
The immune response induced by vaccines is often characterized by a dominance of either CMI or humoral mediated response, which has been attributed to a dichotomy in the cytokine production profiles of Th cells. feedback, while suppressing Th2 cell differentiation. Moreover, IFN-γ has been considered to be the most crucial cytokine for immunity against intracellular pathogens and for tumors control [22] . In immunity against viral infections, the importance of IFN-γ arises in part from its ability to inhibit viral replication, and more importantly from its immunostimulatory and immunomodulatory effects [23] . In patients with CIN, IFN-γ may be a prognostic marker for clearance of high-risk HPV [24] . In this study, Candida alone induced significantly increased IFN-γ in serum which demonstrated the potential of Candida alone to enhance CMI response and indicated the promising prognosis in patients with HPV-associated lesions when treated with Candida alone. IL-5 mainly produced by Th2 cells stimulates B cell growth and enhance antibody secretion [25] . The vaccine significantly induced IL-5 production but not IL-4, which was not consistent with the classical paradigm of Th2 cytokine profile. The reason may be that each Thl (IFN-γ and IL-2) and Th2 (IL-4 and IL-5) cytokine gene is independently regulated in T cells and that the dichotomy in the cytokine profiles of Thl and Th2 cells is not due to a direct differentiation-inducing effect of regulatory cytokines, but rather to the following selective mechanisms [26] . Candida alone only induced a significant secretion of IFN-γ, but not TNF-α. This can be advantageous considering that TNF-α is a prototypical proinflammatory cytokine [27] whose overproduction may result in the occurrence of host tissue injury [28] . Though significant Th1 response was shown in the vaccine group, no significant production of Th1 cytokines (IFN-γ, IL-2 and TNF-α) in serum was demonstrated. A closer examination shows that the vaccine did increase IL-2 level multiple fold over the PBS negative control. It may be that there are underlying differences as to how the Candida and vaccine group may induce Th1 differentiation, i.e., Candida may rely on IFN-γ production while the vaccine may rely on IL-2 production.
The differentiation of precursor Th0 cells into Th1 or Th2 cells are influenced by local cytokine profiles as the most crucial factors. It is also influenced by the types of antigen presenting cells (APCs), and the costimulatory molecules on APCs [29] . IL-12 is a dominant factor for the differentiation of Th0 into Th1. CD80 is also a factor promoting the differentiation of Th0 into Th1 [30, 31] . In our previous study, Candida has been demonstrated to induce the secretion of IL-12 by LCs and enhance the expression of CD80 on LCs [17] . Therefore, it is inferred that Candida has the capacity of promoting the Th1 polarization. T-bet is a key transcription factor for Th1 differentiation and GATA3 is specific for alternative Th2 differentiation [32] . T-bet directly induces IFN-γ production [33] which in turn enhances the expression of T-bet and the development of Th1 cells. The vaccine significantly induced the expression of T-bet which indicated the increased Th1 response that otherwise elicit minimal cellular immune responses with a Th2 bias. The results were consistent with a significantly increased systemic level of Th1 cells induced by an HPV therapeutic vaccine with E6 peptides in the phase I clinical trial by our group [34] . In this vaccine, we incorporated E7 peptides as a more economical and efficacious alternative. Also we evaluated CD8 T-cell responses induced by the vaccine and the immune responses induced by Candida alone, which were not included in that clinical trial. It was interesting that Candida alone induced a significant Th1 polarization which confirmed the ability of Candida alone to enhance cellular immune response. Considering the application of Candida alone resulted in resolution of common warts, we believed that Candida alone may be used as a potential immunotherapeutic reagent for other HPV-associated lesions such as cervical intraepithelial neoplasia and vulvar intraepithelial neoplasia. Candida alone group has been included in the ongoing phase II clinical trial by our group. It has been demonstrated that seropositivity for anti-HPV16 E6/E7 was associated with a better HPV-associated head and neck squamous cell carcinoma prognosis. Patients with oropharyngeal cancer who were tested positive for anti-HPV16 E6/E7 survived longer than those who were tested negative [35] . Though vaccine-induced anti-HPV16 E7 may be not a neutralizing antibody, the ability of Candida to induce humoral mediated immune response was demonstrated which indicated wide applicable prospect of Candida in vaccines designed to boost not only CMI but also humoral mediated responses. If additional peptides from viral L1 or L2 protein are incorporated into the vaccine, the protective antibodies may be induced by the vaccine which will be used as a prophylactic vaccine aside from as a therapeutic vaccine. Though the capacity of the vaccine to induce CMI and humoral mediated responses in healthy animals was demonstrated in this study, it is not clear in the case of preexisting tumors and needs to be investigated using tumorbearing animal models in the future. Taken together, the results in this study showed that the vaccine with HPV 16 E7 peptides and Candida induced significant CMI response and humoral mediated response; Candida alone enhanced CMI response. The results suggested that 1) inoculation of Candida alone or the vaccine with HPV16 E7 peptides and Candida may represent a novel therapeutic reagent to treat patients with HPV-associated lesions including CIN, VIN, VaIN and even cancers, and 2) the potential of Candida as an immunotherapeutic reagent for viral infections whose elimination mainly depends on the CMI. 
